To investigate the effect of prolonged adaptation to training and fat-or carbohydrate-rich diet on body composition and insulin resistance. DESIGN: Longitudinal study. Of three groups two consumed a fat-rich diet, of which one performed regular training (FAT-Train, n ¼ 17) and the other maintained normal habitual activity (Fat-Control, n ¼ 8). The third group trained and consumed a carbohydrate-rich diet (CHO-Train, n ¼ 16). SUBJECTS: Forty-one untrained, healthy male subjects. MEASUREMENTS: Before and after 7 weeks body composition was estimated from skinfold measurements. At rest the respiratory exchange ratio (RER) was determined by the Douglas bag technique. Glycogen was determined in m vastus lateralis and concentrations of insulin and triacylglycerol in serum and glucose, fatty acid and beta-hydroxy-butyrate in plasma was measured. The insulin resistance index was calculated from fasting plasma insulin and glucose values. RESULTS: Across the 7 weeks body weight was reduced (1.3 AE 0.3%) in all three groups, however body fat mass was decreased only in the CHO-Train (13%) and maintained in the two FAT-groups. RER at rest was similarly decreased (5%) in the three groups. Plasma insulin tended to decrease (16%) in CHO-Train (P ¼ 0.065) and remained unchanged in the two FAT-groups. In contrast plasma glucose (4.6 AE 0.1 mmol=l) and plasma FA (453 AE 27 mmol=l) remained unchanged across the 7 weeks. The calculated insulin resistance index HOMA-R mod was significantly decreased by 19% in CHO-train but remained unchanged in both of the FAT-groups, whereas the calculated insulin secretion index HOMA-ß mod was unchanged in all three groups. CONCLUSION: In the present study we demonstrate that despite of a mild energy deficit body fat mass was maintained after prolonged adaptation to fat-rich diet both when normal physical activity was maintained and when training was performed. In contrast a significant decrease in fat mass was observed when carbohydrate-rich diet and training was combined. Furthermore we observed that the insulin resistance index was significantly decreased only when training was combined with a carbohydraterich diet.
Introduction
In recent years the increasing presence of obesity, reaching an epidemic character, 1 has re-emphasized the necessity for understanding the regulation of energy balance and particularly fat balance. In 1987 Flatt hypothesized, that body weight maintenance is dependent on energy intake matching energy expenditure and resting quotient (RQ) matching the food quotient (FQ) of the diet. 2 However, long term studies where dietary fat content and carbohydrate content are manipulated are sparse, making evaluation of the longterm effect of macronutrient composition on fat balance and fat mass difficult. There is evidence, although not undisputed, 3 that consumption of a fatty diet or fat rich foods leads to a positive energy balance and subsequently to a gain in fat mass. 4 However, as fat-containing foods are more energy dense than carbohydrate-containing foods, this positive energy balance may simply be caused by overeating and not the increased dietary content of fat per se. In addition to a high dietary fat content physical inactivity is also a factor, which induces adverse changes that eventually leads to fat mass accumulation. Therefore our intention was to investigate the effect of prolonged adaptation to training and fat or carbohydrate-rich diet or fat-rich diet without training on body composition and substrate oxidation at rest in subjects maintaining energy-balance as evaluated by a stable body weight.
It is well established that training increases insulin action and improves glucose tolerance in man. 5, 6 This improved insulin action and glucose tolerance may primarily be explained by an increase in total muscle GLUT4 content, glycolytic flux capacity and an improved insulin action in skeletal muscle. 5, 7 In addition to physical inactivity epidemiological data indicate that an excess in dietary intake and particularly fat intake is considered one of the key factors in the development of glucose intolerance and insulin resistance. 8, 9 Somewhat in contrast, shorter term fat adaptation studies in man have demonstrated either unchanged 10, 11 or only modestly increased 12 peripheral insulin resistance. However, controlled long-term studies where dietary fat content and physical activity levels are manipulated are very sparse. Lindgarde et al 13 observed that obese fit subjects had a better oral glucose tolerance than matched obese unfit subjects, implying that physical activity counteracted the impaired glucose tolerance that often co-occurs with obesity. This would imply that regular physical activity might counteract the presumed adverse effects of a fat-rich diet on glucose tolerance and insulin resistance, possibly through an effect on the skeletal muscle. Therefore this study also investigated the effect of training and prolonged adaptation to a fat-or carbohydrate-rich diet on insulin resistance.
Methods

Subjects
In all 41 moderately trained healthy males aged 27 AE 1 y, height 182 AE 1 cm, weight 80.1 AE 2.2 kg, were recruited. The subjects were fully informed of the nature, stresses and possible risks associated with the study before they gave consent. The study was approved by the Copenhagen Ethics Committee.
Protocol
The experiment described here is the addition of two separate studies, with the application of identical protocols for the data presented here. The experiment was a longitudinal diet -training intervention study. The subjects were randomized into three groups. Over 7 weeks two groups followed a training program and consumed either a fat-rich (n ¼ 17, FAT-Train) or a carbohydrate-rich diet (n ¼ 16, CHO-Train). The third group also consumed the fat rich diet (n ¼ 8, FATControl), but this group maintained their normal physical activity level and did not perform the training. Before and after 7 weeks of the diet and training regime antropomethric data, a venous blood sample and a muscle biopsy were obtained. In addition the respiratory exchange ratio was measured at rest. Maximal oxygen uptake was measured with a progressive bicycle exercise test before, after 3.5 and 7 weeks.
Experimental diets
Before the study, daily energy intake and composition of the subjects' habitual diet was established by 4-day diet records (3 weekdays and 1 weekend day). All food intake and beverages were weighed and recorded and energy intake and composition of the diets were calculated using a database (Dankost, Danish Catering Center, Copenhagen, Denmark). In addition, individual energy intakes were determined from the World Health Organization's equation for calculation of energy needs.
14 Two experimental diets were designed: one diet rich in fat and one rich in carbohydrate. The average energy composition of the fat-rich diet was 21% (percentage of total energy intake) carbohydrate, 17% protein and 62% fat and the carbohydrate-rich diet 65% carbohydrate, 15% protein and 20% fat. The composition of the two diets was designed to be markedly different in fat and carbohydrate content, and as similar as possible in protein content and ratio of polyunsaturated to saturated fatty acids (P=S-ratio). Isocaloric 7 day-cycle menus were designed at each subjects' individual energy level and the day-to-day variation was kept as low as possible. On the days of training the calculated energy expenditure during training was added to the daily energy intake. All food and beverages were weighed to within 1 g. The diets were prepared by the subjects and all meals were consumed at home. All food intakes were registered, and so were any omissions from the prescribed food intake. The subjects weighed themselves every morning and a minimum of three times a week; this was reported in person to the investigators. When body weight changes in excess of normal individual fluctuations were observed the individual energy level was immediately adjusted in order to maintain subjects at their initial body weight.
Training
During the whole period physical training was performed four times a week. Each training session lasted between 60 and 75 min, and exercise intensity, which was carefully controlled, was varied from 50 to 85% of maximal oxygen uptake. The training program consisted of four different protocols with exercise intervals varying in length and duration interspersed with breaks of active recovery. Training intensity was adjusted to changes in maximal oxygen uptake measured after 3.5 weeks of the training period. At every training session heart rate was monitored with a heart rate recorder and frequently pulmonary oxygen uptake was measured and the training intensity controlled directly.
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Experimental protocol Subjects were asked to refrain from physical activity 2 days prior to the start of the studies. The subjects reported to the laboratory either by car or bus in the morning after a 12 h fast and after 30 min rest in a supine position the RQ was measured at rest. Afterwards a venous blood sample was drawn from an antecubital vein. A needle biopsy was then taken with suction from the vastus lateralis muscle under local anesthesia with lidocaine. 15 After this waist circumference and skinfold measurements were performed as described by Pollack et al. 16 During the following 7 weeks subjects adhered to the diet and training program. After 7 weeks subjects again reported to the laboratory overnight fasted not having trained for 2 days and the procedure described above was applied.
Analyses
Blood glucose was analysed on a glucose analyser (Yellow Springs Instruments, Yellow Springs, OH, USA). Plasma FA was measured fluorometrically as described by (Kiens et al, 1993) . Plasma betahydroxybutyrate was analyzed as described by Wieland. 17 Insulin in plasma was determined using a radioimmunoassay kit, kindly donated by NovoNordisk (Copenhagen, Denmark). Triacylglycerol in serum was analysed as described by Kiens and Lithell. 18 The biopsy samples were frozen in liquid nitrogen within 5 -10 s and the biopsy was stored at 7 80 C until further analysis. Before biochemical analysis, muscle biopsy samples were freeze-dried and dissected free of connective tissue, visible fat and blood using a stereomicroscope. Muscle glycogen concentration was determined as glucose residues after hydrolysis of the muscle sample in 1 M HCl at 100 C for 2 h (Lowry & Passonneau, 1972). Pulmonary oxygen uptake at rest and during exercise was determined by collection of expired air in Douglas bags. The volume of air was measured in a Collins bell-spirometer (Tissot principle, WE Collins, Braintree, Massachusets, USA) and the fractions of oxygen and carbon dioxide were determined with paramagnetic (Servomex) and infrared (Beckmann LB-2) systems, respectively. Two gas samples with known compositions were used to calibrate both systems regularly. Heart rate was recorded with a PE 3000 Sports Tester (Polar Electro, Finland).
Calculations and statistics
Body fat was calculated from the body density according to Siri. 19 The HOMA insulin resistance index described originally by Matthews et al 20 and recently modified by Jenkins et al 21 was calculated according to the latter. In brief fasting plasma insulin and fasting plasma glucose values were used to calculate an index of insulin resistance index (HOMA-R mod ) and insulin secretion (HOMA-ß mod ). 21 There is a direct correlation between the insulin resistance index and insulin resistance as measured by the euglycemic clamp technique. 21 The results are given as mean AE s.e. For the variables measured two-and one-way analysis of variance (ANOVA) with repeated measures for the time factor was performed to test for changes due to training or diet. The Student -NewmanKeul test was used as post-hoc test. In all cases, an a of 0.05 was used as level of significance. Data are presented as means AE s.e.
Results
Across the experimental period the dietary energy intake was significantly higher than the habitual energy intake and no difference was apparent between groups (Table 1) . During the experimental period the subjects adhered very well to the prescribed diets, resulting in a markedly different consumption of carbohydrate and fat (Table 1, P < 0.05). The protein intake was slightly higher in the two groups consuming the high-fat diet when compared to the group that consumed the high-carbohydrate diet (P < 0.05). The energy intake and nutrient composition of the habitual dietary intakes were similar between groups (Table 1) .
Across the experimental period the training increased maximal oxygen uptake similarly, from 3.8 AE 0.1, 3.7 AE 0.1 1 min 71 before to 4.2 AE 0.1, 4.0 AE 0.1 1 min 71 after training in CHO-Train and FAT-Train, respectively (P < 0.05). As Fat diet adaptation and training JW Helge expected, maximal oxygen uptake remained unchanged in FAT-Control at 3.8 AE 0.1 1 min 71 . Before the experiment resting heart rate was similar between CHO-Train, FATTrain and FAT-Control: 64 AE 2, 64 AE 2 and 61 AE 3 bpm, respectively. After 7 weeks resting heart rate had declined significantly in the trained groups to 59 AE 2 and 61 AE 2 bpm in CHO-Train and FAT-Train, but remained unchanged at 60 AE 2 bpm in FAT-Control. After 7 weeks a small but significant decrease was apparent in body weight and BMI in all three groups (Table 2) . Across the experimental period a significant main effect and interaction was present for body fat and a post-hoc test demonstrated that body fat was significantly reduced only in CHOTrain, but not in either FAT-Train or FAT-Control (Table 2) . Across the experimental period lean body mass was not significantly changed in any of the three groups, whereas fat mass was significantly decreased only in the CHO-Train group. A consistent and similar decrease in waist circumference was observed across all subjects irrespective of training or diet (Table 2 ). After 7 weeks respiratory exchange ratio (RER) measured at rest was significantly lower than when measured prior to the experiment (Table 2, P < 0.05). No additive effect of fat diet and training was noted.
Serum triacylglycerol was reduced by 39% in the FATTrain and FAT-Control across the experimental period (P < 0.05), but remained unaltered in the CHO-Train (Table 3 ). After 7 weeks the serum triacylglycerol was significantly different between the dietary conditions (Table 3) . No significant changes were present in plasma FA or glucose between groups before or after the seven weeks (Table 3) . For the plasma insulin no apparent differences were present between the groups after the training period (Table 3) . However, a trend towards a decreased plasma insulin concentration in CHO-Train and not FAT-Train or FAT-Control after 7 weeks was borderline significant (P ¼ 0.065). The calculated insulin resistance index HOMA-R mod was significantly decreased by 14% in CHO-train but remained unchanged in either of the FAT-groups (Figure 1) . At the initiation of the experiment HOMA-R mod was higher in CHO-Train compared to the groups that consumed fat rich diet, but this difference was not present after the experiment (Figure 1) . In contrast the calculated insulin secretion index HOMA-ß mod was similar in the three groups and remained unchanged across the experimental period (Figure 1) . Application of the originally described HOMA-R index 20 gave identical results compared to those reported above.
Muscle glycogen was similar in the three groups at the initial test 448 AE 19, 465 AE 31 and 399 AE 50 mmol=kg day weight in CHO-Train, FAT-Train and FAT-Control, respectively. After 7 weeks muscle glycogen was significantly increased in CHO-Train (638 AE 32), whereas it remained unchanged at 449 AE 24 and 411 AE 56 mmol=kg day weight in FAT-Train and FAT-Control, respectively. Anthropometric measures obtained at rest before and after 7 weeks' adaptation to training and a carbohydrate-rich diet (CHO-Train, n ¼ 16) or training and a fat-rich diet (FAT-Train, n ¼ 17) or a fat-rich diet and no training (FAT-Control, n ¼ 8). Abbreviations: BMI, body mass index; LBM, lean body mass; RERrest, respiratory exchange ratio, waist, waist circumference. Values are mean AE s.e. *P < 0.05 before vs after; { P < 0.05. Fat diet adaptation and training JW Helge
Discussion
In the present study we demonstrate that despite of a mild energy deficit body fat mass was maintained after prolonged adaptation to fat rich diet with or without regularly performed training, whereas a significant decrease in fat mass was observed when carbohydrate rich diet and training was combined. Furthermore we observed that the insulin resistance index, and thus insulin resistance, was significantly lowered only when training was combined with a carbohydrate-rich diet.
A crucial point in this study is that these free-living subjects actually consumed the diets according to the plan.
Based on the reported written data, it is evident that subjects did adhere very well to the prescribed diets across the experimental period, thus creating a very marked difference in the carbohydrate -fat consumption between the groups consuming fat-or carbohydrate-rich diet. Further support for a marked difference in dietary composition between groups is the finding that serum triacylglycerol declined after consumption of fat-but not after carbohydrate-rich diet. This finding is consistent with the well-reported hypertriglyceridemic effects of carbohydrate rich diets. 22, 23 The plasma ß-hydroxy-butyrate concentration was increased in the two groups that consumed the fat-rich diet, which is consistent with the reported ketogenic effect of fat-rich diets. 24 Furthermore the finding of a significantly higher muscle glycogen concentration after the consumption of the carbohydraterich diet and not in either of the groups that consumed the fat-rich diet is consistent with a higher carbohydrate intake.
In this study we attempted to investigate the effects of a diet -training interaction on body composition independent of body weight change. Despite of our efforts, there was a small, equivalent decline in body weight in the three groups. However, a significant fat loss was observed only in the group that consumed the carbohydrate-rich diet, and not in either of the groups consuming the fat-rich diet. This finding is consistent with the observed decline in RER at rest despite the high carbohydrate intake, thus supporting that physical activity increases fat oxidation at rest. 25, 26 The presence of an increased fat oxidation at rest in the control group consuming the fat-rich diet is in line with the lower FQ of the fuel mix provided in the fat diet and is thus consistent with the theory put forward by Flatt. 27 A recent study found that, when 14 days' adaptation to either a isoenergetic fat or carbohydrate diet was followed by a sedentary day in the metabolic chamber, the combination of fat-rich diet and inactivity led to a positive fat balance when compared to a carbohydrate-rich diet and inactivity. 28 This indicates that as little as one day of inactivity may trigger the initiation of fat mass accumulation when the dietary fat intake is high.
Another interesting finding is that the insulin resistance index decreased only after training and carbohydrate-rich diet and not when training was combined with consumption of fat-rich diet or when fat-rich diet was consumed without training. An explanation for the lack of improvement in insulin resistance after fat diet adaptation is not available in the present study; however in an isolated soleus muscle preparation total GLUT4 content was similar in fat and chow fed mice, but the insulin-stimulated cell surface GLUT4 content was decreased by 50% in the fat-fed mice. 29 In line with this we observed similar total muscle GLUT4 protein content after 7 weeks training and fat or carbohydrate diet (Helge, Richter, Kiens, unpublished data). This indicates that the lack of improvement in insulin resistance after adaptation to fat diet and training may have been due to a reduced GLUT4 translocation. This line of thought found support in a review by Shepherd and Kahn, Figure 1 The insulin resistance index HOMA-R mod and the insulin secretion index HOMA-ß mod at rest before and after seven weeks adaptation to training and a carbohydrate rich (CHO-Train) or a fatrich diet (FAT-Train) or adaptation to fat-rich diet without training (FATControl). Abbreviations: B, before; A, after. Values are means AE s.e. *P < 0.05, CHO-Train vs FAT-Train and FAT-Control.
{ P < 0.05, before (B) vs after (A).
Fat diet adaptation and training JW Helge where it was concluded that the insulin resistance in skeletal muscle present in obese and=or diabetic subjects was caused by a decreased GLUT4 translocation. 30 In the present study increased consumption of dietary fat did not lead to an increased insulin resistance index, which is consistent with findings in short term fat diet adaptation studies where peripheral insulin resistance was either unchanged 10, 11 or only modestly increased. 12 In rodents there is evidence that inclusion of dietary n-3 fatty acids at least partly ameliorates the fat-diet-induced increase in insulin resistance. 31 In the present study the fat-rich diet had a reasonably high content of unsaturated fatty acids and n-3 fatty acids 32 and this may therefore be part of the explanation for the unchanged insulin resistance. In the present study the subjects were free living and therefore did of course perform the physical chores occurring in their daily habitual life, which to some degree may have masked the effect of fatrich diet in the control group.
Conclusion
Body fat loss is a key to prevention and therapy of the Metabolic Syndrome. In this study physical activity and fat-rich diet did not induce a decrease in body fat in contrast to physical activity combined with a diet high in carbohydrate. Furthermore, it was demonstrated that a high dietary fat content abolished the improvement in insulin resistance observed when training and carbohydrate-rich diet were combined, therefore emphasizing the need for a healthy diet to maximize the effect of training.
